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7KHGHSWKRI ILHOG '2)RID IRFXVHG ODVHUEHDP LVGHSHQGHQWRQ IRFDO OHQJWK UDGLXVRI WKHFROOLPDWHG ODVHU
EHDPEHDPTXDOLW\DQGZDYHOHQJWKDVGHVFULEHGLQ+HU]LQJHUHWDO(VSHFLDOO\ZKHQVPDOOIRFDOGLDPHWHUV
DUHUHTXLUHGWKH'2)FDQGHFUHDVHWREHORZPPZKLFKOLPLWVWKHPD[LPXPDVSHFWUDWLRWREHPDFKLQHG7KXVWKH




ODVHU UDGLDWLRQ FDQ EH JXLGHG LQVLGH WKH ZDWHU MHW ZLWK D FRQVWDQW EHDP UDGLXV E\ PDNLQJ XVH RI WRWDO LQWHUQDO
UHIOHFWLRQ$VDFRQVHTXHQFHWKH'2)LQFUHDVHVGUDVWLFDOO\DQGLVRQO\OLPLWHGE\WKHVWDEOHOHQJWKRIWKHZDWHUMHW
$GGLWLRQDO DGYDQWDJHV GHVSLWH WKH KLJK '2) DUH WKH FRROLQJ HIIHFW RI ZDWHU DYRLGLQJ WKHUPDO GDPDJHV WR WKH
ZRUNSLHFHPDWHULDODQGWKHUHPRYDORIODVHUSURFHVVLQJZDVWHSURGXFWVHJPHOWRUGXVW
7KHREMHFWLYHRIWKHUHVHDUFKSURMHFW/DVHU-HW'ULOOLQJLVWRVFDOHFXUUHQWZHWODVHUWHFKQRORJ\XSWRN:ODVHU
SRZHU LQRUGHU WRSHUIRUP ODVHUDVVLVWHGGULOOLQJ IRUJHRWKHUPDOZHOOV ,Q WKHFDVHRI WKH WDUJHWHG ODVHU VSDOODWLRQ
GULOOLQJ SURFHVV WKHPDLQ EHQHILW RI WKH ODVHU ZDWHU MHW /:- WHFKQRORJ\ LV WKH SRVVLELOLW\ WR GHOLYHU KLJK ODVHU
SRZHUV WR FKDOOHQJLQJ VXUURXQGLQJV 7KH FRQWDPLQDWLRQ RI EHDP VKDSLQJ RSWLFV RU FRYHU JODVVHV ZKLFK LV YHU\
FULWLFDO DW KLJK DYHUDJH ODVHU SRZHUV LV LPSHGHG E\ WKH SURWHFWLYH TXDOLW\ RI WKHZDWHU MHW 7KHZDYHOHQJWKV RI
FXUUHQWKLJKSRZHUODVHUVRXUFHVIRUPDQXIDFWXULQJDUHPRVWO\ZLWKLQWKHQHDULQIUDUHGVSHFWUXP1,5'XHWRWKH
H[WUHPH KLJK DYHUDJH ODVHU SRZHUV DQG WKH LQFUHDVHG DEVRUSWLYLW\ RI ZDWHU LQ WKH 1,5 ZDYHOHQJWK UDQJH WKH
IXQGDPHQWDOPHFKDQLVPVRI ODVHUZDWHULQWHUDFWLRQKDYH WREHXQGHUVWRRG LQRUGHU WR VDIHO\GHVLJQ DKLJKSRZHU
/:-V\VWHPLPSHGLQJQHJDWLYHWKHUPDOHIIHFWV
6WDWHRIWKH$UW
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)LJD6\QRYD/0-SULQFLSOHE,QWHQVLW\GLVWULEXWLRQLQVLGHD/:-GLDPHWHU P1$ %DWWDJOLDHWDO
7KHODVHULQWHQVLW\GLVWULEXWLRQLQVLGHDZDWHUMHWFDQEHFRPSDUHGWRWKHLQWHQVLW\GLVWULEXWLRQLQDPXOWLPRGHVWHS




2.2. Water Properties 
7KHSURSHUWLHVRIZDWHUZKLFKLVXVHGDVPHGLXPIRURSWLFDOWUDQVPLVVLRQKDYHWREHFRQVLGHUHGIRUWKHPRGHORI











GHQVLW\ VSHFLILF KHDW DQG UHIUDFWLYH LQGH[ RQO\ VOLJKWO\ FKDQJH 7KXV LQ WKH IROORZLQJ FDOFXODWLRQV GHVSLWH IRU
SHQHWUDWLRQGHSWKRUUHVSHFWLYHO\DEVRUSWLRQFRHIILFLHQWURRPWHPSHUDWXUHYDOXHVDUHXVHG,QWKHQH[WFKDSWHUWKH
WHPSHUDWXUHGHSHQGHQWRSWLFDOSURSHUWLHVRIZDWHUDUHGLVFXVVHG
2.3. Absorption of Laser Radiation in Water 
6SLHJHOHWDOUHVHDUFKHG5DPDQ6FDWWHULQJLQD/:-7KHXVHGODVHUZDYHOHQJWKZDVQP6HFRQGDU\
VFDWWHUHG OLJKW ZDV H[LWLQJ WKH MHW ZLWKLQ WKH VWDEOH OHQJWK GXULQJ WUDQVPLVVLRQ RI UDGLDWLRQ ZLWKLQ WKH MHW $
ZDYHOHQJWK VKLIW WR D KLJKHU ZDYHOHQJWK QP FRXOG EH PHDVXUHG ZKLFK OHDGV WR WKH DVVXPSWLRQ WKDW WKH
GLIIHUHQWLDOSKRWRQLFHQHUJ\KDVEHHQWUDQVIHUUHGWRWKHZDWHUPROHFXOHVE\LQHODVWLFVFDWWHULQJ
 













  (1) 
%\PHDVXUHPHQW RI SRZHU ORVV RYHU D FHUWDLQ LQWHUDFWLRQ OHQJWK ]WDQN WKH SHQHWUDWLRQGHSWK FDQ EH GHWHUPLQHG
DFFRUGLQJ WR (TXDWLRQ  %\ PHDVXULQJ YROXPHWULF DEVRUSWLRQ EDVHG RQ ODVHU SRZHU ORVV ZLWKLQ D VSHFLILHG
LQWHUDFWLRQ OHQJWK OHDGV WR WKH LQFOXVLRQRI HIIHFWVRWKHU WKDQ DEVRUSWLRQ HJ VFDWWHULQJ ORVVHV/LJKWZKLFK LVQRW
DEVRUEHGEXWVFDWWHUHGDZD\IURPLWVRULJLQDOGLUHFWLRQZLOOEHLQFOXGHGLQWKHFXPXODWHGSRZHUORVVDQGWKXVLQWKH
DEVRUSWLRQFRHIILFLHQW,IDFRQVLGHUDEOHDPRXQWRIUDGLDWLRQLVVFDWWHUHGRXWVLGHWKH/:-DGHYLDWLRQRIVLPXODWHG
DQGPHDVXUHGWHPSHUDWXUHZLOORFFXU ,IRQ WKHRWKHUKDQG WKHPRGHOSUHGLFWV WKHDEVRUEHGHQHUJ\ LQUHODWLRQ WR




7KHPDWWHU RI UHVHDUFK LV WKH WKHUPDO EHKDYLRU RI DZDWHU MHW JXLGLQJ KLJKSRZHU1,5 ODVHU UDGLDWLRQ ,Q WKH
SURSRVHGPRGHOWKHZDWHUMHWLVGHVFULEHGE\IOXLGHTXDWLRQVLQRUGHUWRGHWHUPLQHWKHIORZUDWHRIWKHMHWZKLFKLV
PRVW LPSRUWDQW IRU LWV WKHUPDO EHKDYLRU 6XEVHTXHQWO\ HQHUJ\ WUDQVIHU IURP WKH ODVHU EHDP WR WKH ZDWHU MHW LV
GHVFULEHGE\YROXPHWULFDQGWHPSHUDWXUHGHSHQGHQWDEVRUSWLRQ%DVHGRQWKHFDORULFHQHUJ\WUDQVIHUWRDILQLWHMHW
HOHPHQW WKH FKDQJH LQ MHWWHPSHUDWXUH DQG WKH GHFUHDVH LQ WUDQVSRUWHG ODVHU SRZHU DUH FDOFXODWHG )LQDOO\ WKH
LPSOHPHQWDWLRQ RI WKH WKHUPDO ODVHU ZDWHU MHW PRGHO LV UHDOL]HG E\ LWHUDWHG HYDOXDWLRQ DORQJ WKH MHW SURSDJDWLRQ
FRRUGLQDWHWRGHWHUPLQHWKHFRXSOHGSRZHUDQGWHPSHUDWXUHGLVWULEXWLRQDORQJWKHMHW
3.1. Fluid Jet Equations 
7KHFRUUHFWGHVFULSWLRQRIWKHZDWHUMHWLVWKHEDVLVIRUVXFFHVVIXOLPSOHPHQWDWLRQRIWKHLQWHUDFWLRQPRGHO7KH
IOXLG G\QDPLFV RI WKH MHW DUH EDVHG RQ WKH SDUDPHWHUV MHW YHORFLW\ Y-HW WKH GLIIHUHQWLDO SUHVVXUH ǻS EHWZHHQ WKH
SUHVVXUHLQ WKHFRXSOLQJXQLWS1DQGDPELHQWSUHVVXUHS WKHQR]]OHGLDPHWHUG1R]]OHDQGWKHGHQVLW\RIZDWHUȡ+2





 ·cv  (2) 
'DXJKHUW\ HW DO  XVH WKH FRHIILFLHQW RI YHORFLW\ FY ZLWK FY WR FRPSHQVDWH IRU WKH UHGXFWLRQ RI
WKHRUHWLFDOMHWVSHHGYWKE\HQHUJ\GLVVLSDWLRQGXHWRIULFWLRQDQGWXUEXOHQFHV7KHFRHIILFLHQWRIYHORFLW\LVPDLQO\
LQIOXHQFHGE\WKHZD\ZDWHULVJXLGHGDQGIRUFHGWRIRUPDMHWDWWKHDEUXSWQR]]OHHGJH
7KH HIIHFWLYH GLDPHWHU RI WKH ZDWHU MHW LV GHFUHDVHG GXH WR WKH FRQWUDFWLRQ RI WKH MHW YHQD FRQWUDFWD 7KH
FRHIILFLHQWRIFRQWUDFWLRQFFZLWKFFLVXVHGWRFRPSHQVDWHIRUWKHGHFUHDVHLQMHWGLDPHWHU7KHFRHIILFLHQWRI
FRQWUDFWLRQLVGHILQHGDVUDWLRRIMHWFURVVVHFWLRQ$-HWDQGWKHQR]]OHDUHD$1R]]OH
AJet=ANozzlecc  (3) 
  
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8VLQJFRQWLQXLW\HTXDWLRQWKHYROXPHWULFIORZUDWHRIWKHIUHHZDWHUMHWFDQEHGHWHUPLQHG%RWKFRHIILFLHQWVFY
DQG FF DUH FRPELQHG LQ D FRHIILFLHQW RI GLVFKDUJH FG 7KH FRHIILFLHQW RI GLVFKDUJH LV XVHG WR FRPSHQVDWH IRU WKH
GHFUHDVHLQYROXPHIORZUDWHGXHWRHQHUJ\GLVVLSDWLRQDQGMHWFRQWUDFWLRQ










 cd  
7KHH[DFWNQRZOHGJHRIMHWYROXPHIORZUDWHZLOOEHVXEVHTXHQWO\XVHGWRGHWHUPLQHWKHDELOLW\RIWKHZDWHUMHWWR
WUDQVSRUWDQGGLVVLSDWHWKHUPDOHQHUJ\LQWDNHZKLFKLVDEVRUEHG
3.2. Temperature Dependent Absorption 





XVHG LQ WKHYROXPHWULFDEVRUSWLRQPRGHO7KH OLQHDUL]HGPHDVXUHPHQWUHVXOWVRI0XOOLFNHWDO DVVWDWHG LQ
(TXDWLRQDUHXVHGWRGHWHUPLQHWKHFRUUHFWDEVRUSWLRQFRHIILFLHQWRIZDWHUEDVHGRQWKHDFWXDOMHWWHPSHUDWXUH7-HW








ቀ-z·ĮH2OሺTሻ ቁ  (7) 
'XH WR WKH FRQWLQXRXV FRQYHUVLRQ RI ODVHU HQHUJ\ LQWR WKHUPDO HQHUJ\ RI WKH ZDWHU MHW ZKLFK OHDGV WR D
FRQWLQXRXV LQFUHDVH RI MHW WHPSHUDWXUH WKH DVVXPSWLRQ RI D FRQVWDQW MHW WHPSHUDWXUH LV QRW UHSUHVHQWLQJ WKH UHDO
EHKDYLRU DFFXUDWHO\ 7KXV WKH HTXDWLRQ QHHGV WR EH LWHUDWLYHO\ FRXSOHG ZLWK WHPSHUDWXUH FDOFXODWLRQ DW HDFK MHW
SRVLWLRQ




EDVHG RQ WKH WHPSHUDWXUH DQG SRZHU RI WKH MHW HQWHULQJ WKH ERXQGDU\ RI WKH FRQWHPSODWHG IOXLG YROXPH %RWK




322   Christian Brecher et al. /  Physics Procedia  83 ( 2016 )  317 – 327 
3.3. Energy Balance of a Finite Jet Element 
7KHODVHUZDWHUMHWLVGLYLGHGLQWRDQXPEHURIILQLWHHOHPHQWVDVLOOXVWUDWHGLQ)LJIRUEHLQJDEOHWRLWHUDWLYHO\
FDOFXODWH WKH FRXSOHG SRZHU ORVV DQG LQFUHDVH LQ WHPSHUDWXUH 7KH ILQLWH IOXLG HOHPHQWV KDYH D WKLFNQHVV G] LQ







DFKDQJH LQ WKHUPDOHQHUJ\RUZRUNZKLFK LVGRQH WR WKHV\VWHP,Q WKHFDVHRI WKHZDWHU MHWQRUHOHYDQWZRUN LV
DSSOLHGWRWKHILQLWHHOHPHQW7KXVDFKDQJHRILQQHUHQHUJ\FDQRQO\WDNHSODFHE\WUDQVIHURIWKHUPDOHQHUJ\DFURVV
WKHHOHPHQWERXQGDU\
dU=dQ+dW ֜ dU=dQ  (9) 
7KHKHDWG4-HWZKLFKLVWUDQVIHUUHGWRWKHMHWHOHPHQWLVHTXDOWRWKHDEVRUEHGIUDFWLRQRIODVHUSRZHUG3-HWGXULQJ
WKHLQWHUDFWLRQWLPHGW7KHLQWHUDFWLRQWLPHGHILQHGDVWKHWLPHWKDWDSRLQWPRYLQJDWMHWVSHHGQHHGVWRWUDYHOG]
dU=dQJet֞  cp, H2O m dTJet=dPJetdt֞ dTJet=
dPJet
























%DVHG RQ LQLWLDO FRQGLWLRQV IRU ODVHU SRZHU 3 DW WKH FRXSOLQJ SRLQW RI WKH MHW DQG LQLWLDO WHPSHUDWXUH RI WKH
VXSSOLHG ZDWHU WKH DEVRUSWLRQ FRHIILFLHQW RI WKH ILUVW HOHPHQW LV FDOFXODWHG DFFRUGLQJ WR (TXDWLRQ  8VLQJ WKH
DEVRUSWLRQ FRHIILFLHQW IRU WKH FRUUHVSRQGLQJ HOHPHQW WHPSHUDWXUH7] WKH UHPDLQLQJ ODVHU SRZHU DW WKH HQGRI WKH
HOHPHQW ]G] LV FDOFXODWHG E\ (TXDWLRQ  )XUWKHUPRUH E\ XVH RI WKH LQILQLWHVLPDO ODVHU SRZHU ORVV G3ZKLFK
FRQYHUWHG WR WKHUPDO HQHUJ\ RI WKH HOHPHQW DFFRUGLQJ WR HTXDWLRQ  WKH WHPSHUDWXUH LQFUHPHQW IRU WKH DFWXDO
HOHPHQWG7]FDQEHFDOFXODWHGXVLQJ(TXDWLRQ




TJetሺzሻ=T0+σ dTzzଵ   (12) 
7KH UHPDLQLQJ WUDQVPLWWHG SRZHU FDQ EH GHWHUPLQHGE\ VXEWUDFWLRQRI WKH VXPPDUL]HGSRZHU ORVVHV IURP WKH
LQLWLDOODVHUSRZHUWKDWKDVEHHQFRXSOHGLQWRWKHZDWHUMHW
PJetሺzሻ=P0-σ dPzzଵ   (13) 
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7KHPRGHOLVDEOHWRGHWHUPLQHERWKODVHUSRZHUDQGWHPSHUDWXUHDWDQ\JLYHQMHWSRVLWLRQLQGHSHQGHQFHRIODVHU
SRZHU DQG MHW SDUDPHWHUV PRVW LPSRUWDQWO\ WKH YROXPH IORZ UDWH ,Q RUGHU WR YDOLGDWH WKH JLYHQ PRGHO DQ
H[SHULPHQWDOVHWXSLVSURSRVHGLQWKHIROORZLQJFKDSWHU
([SHULPHQWDO6HWXS
7UDQVPLVVLRQH[SHULPHQWV LQDZDWHU MHWKDYHEHHQSHUIRUPHG LQRUGHU WRGHWHUPLQH WKH ODVHUZDWHULQWHUDFWLRQ
DQGLWVLQIOXHQFHRQMHWWHPSHUDWXUHDVZHOODVUHPDLQLQJODVHUSRZHULQVLGHWKHMHW$GRFXPHQWDWLRQRIWKHVHWXSLV
VKRZQ LQ )LJ 7KH XVHG ILEHU ODVHU ,3* <WWHUELXP ILEHU ODVHU </5 ±  GHOLYHUV ODVHU UDGLDWLRQ FHQWUDO
ZDYHOHQJWKQPXSWRN:ILEHUGLDPHWHURIPDQGDPXOWLPRGHEHDPTXDOLW\%33PPPUDG
7KHFKDOOHQJH LQPHDVXULQJ ODVHUSRZHUDQG WHPSHUDWXUHRID/:- LV WR³GHFRXSOH´ ODVHU UDGLDWLRQDQGZDWHU
%HFDXVH GLUHFW WHPSHUDWXUH PHDVXUHPHQW LV QRW SRVVLEOH GXH WR DEVRUSWLRQ DW WKH WHPSHUDWXUH SUREH DQ RSWLFDO
ZLQGRZW PP$5FRDWHG#QPLVXVHGWRGHIOHFWWKHZDWHUSHUSHQGLFXODUO\7KHODVHUUDGLDWLRQGLYHUJHV
ZLWKLWVFRXSOLQJGLYHUJHQFH$VLOOXVWUDWHGLQ)LJWKHWHPSHUDWXUHSUREHLVSODFHGFORVHWRWKHSRLQWRIZDWHUMHW







     
3XPS3UHVVXUH EDU$% EDU$% EDU$ EDU$ EDU$
1R]]OH'LDPHWHU P$ P%   











$VSUHVVXUH LV LQFUHDVHG D QRQOLQHDU GHFUHDVH LQ KHDWLQJ RI WKH MHW FDQ EH REVHUYHG+RZHYHU DPRUH VLJQLILFDQW








ZLWK WKH WKHRUHWLFDO UHPDLQLQJSRZHUDFFRUGLQJ WR WKHVLPXODWLRQ$V\VWHPDWLFDOGHYLDWLRQEHWZHHQPHDVXUHPHQW
DQGVLPXODWLRQFDQEHVHHQPHDQHUURU'XHWRWKHPDWFKLQJRIPRGHOOHGDEVRUSWLRQDQGKHDWJHQHUDWLRQ







,Q )LJ VLPXODWHG DQG PHDVXUHG YDOXHV DUH XVHG WR VKRZ DEVROXWH WHPSHUDWXUH FKDQJH RYHU WKH PHDVXUHG
YROXPHIORZUDWHRI WKH MHW7KHMHWSRVLWLRQ LVPP7KHPHDQGHYLDWLRQEHWZHHQVLPXODWLRQDQGPHDVXUHPHQW
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YDOXHV KDV EHHQ FDOFXODWHG WR  DQG LV ZHOO ZLWKLQ WKH PHDVXUHPHQW DFFXUDF\ RI WKH XVHG GHYLFHV ZKLFK LV
HVWLPDWHGWRUDQJHDERXW
$ OLQHDU LQFUHDVH LQ IORZ UDWH OHDGV WR DQ K\SHUEROLF GHFUHDVH RI KHDW JHQHUDWLRQ DQG WKXV MHW WHPSHUDWXUH
)XUWKHUPRUHWKHGLDJUDPVKRZVWKDWWKHYROXPHIORZUDWHDQGODVHUSRZHUDUHWKHWZRPDLQYDULDEOHVWKDWGHWHUPLQH

















EHDPJXLGHG LQDZDWHU MHWKDVEHHQGHYHORSHGDQGYDOLGDWHG7KH WKHUPDOPRGHO IDFLOLWDWHV WKHFDOFXODWLRQRI MHW
WHPSHUDWXUH DW DQ\JLYHQ MHW SRVLWLRQEDVHGRQ IORZ UDWH DQG ODVHUSRZHU'XH WR WKH SRVVLELOLW\ RI DVVHVVLQJ WKH
WKHUPDO EHKDYLRU RI D /:- V\VWHP GHVLJQ JXLGHOLQHV DV ZHOO DV RSWLPDO MHW SDUDPHWHUV FRXOG EH JLYHQ)XUWKHU
UHVHDUFKKDV WREHGRQHRQ WKH LQIOXHQFHRIKHDWJHQHUDWLRQRQ WKH MHW VWDELOLW\ DQG WKHXVHRIPPVL]HGQR]]OHV
$GGLWLRQDOEHQHILWFRXOGEHJHQHUDWHGE\FRXSOLQJRIWKHGHYHORSHGPRGHODQGDQXPHULFDO'IOXLGVLPXODWLRQRI
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